The nocturnal sweat bee Megalopta genalis (Hymenal visual behavior. This implies that sensitivity is imnoptera: Halictidae) is a large halictid species native proved by a strategy of photon summation in time and to the rainforests of Central and South America. The in space, the latter of which requires the presence of females are facultatively social and live in hollowed-out specialized cells that laterally connect ommatidia into sticks with 1-10 females per nest [22, 24, 25]. When groups. First-order interneurons, with significantly wider they prepare to forage in the darkness of a rainforest lateral branching than those found in diurnal bees, have understory at night, the task that awaits them is not a been identified in the first optic ganglion (the lamina trivial one. They negotiate the often dense vegetation ganglionaris) of Megalopta's optic lobe. We believe that that obscures their path and, more difficult still, must these cells have the potential to mediate spatial sumfind their way home again, to their small stick concealed mation.
than the intensity of starlight (ca. 1 ϫ 10 Ϫ4 cd/m 2 ). For human observers, these intensities are extremely dim, and it was impossible to see flying bees without an cesses must be active to intensify the visual signal by image intensification apparatus. summing the incoming light both spatially and temporally, a conclusion supported by the discovery of laterally branching first-order interneurons in the first optic ganNocturnal Landmark Orientation glion (the lamina ganglionaris) [27] .
Is Mediated Visually Does Megalopta use vision during foraging? A first and very telling observation suggests that they do. Using the Results and Discussion digital video camera and infrared illumination described above, we discovered that departing bees perform an Periods of Nocturnal Activity Seven nest sticks, each containing a single adult female "orientation flight," a behavior well known in diurnal bees [28] [29] [30] [31] [32] [33] . As the bee leaves the nest, she turns to view Megalopta, were collected from the rainforests of Barro Colorado Island in Panama, and experiments were perthe nest entrance and hovers back and forth in short arcs, these becoming increasingly wider as she backs formed during the period from September 1 to 25, 2000. Nests were arranged in a row on a stand (see Figures away from the nest (Figure 2A) . After a few seconds, she spirals upward and disappears from sight. Diurnal 2B and 2C), about 1 m above the ground. These were observed by two observers who used image intensificahoneybees and solitary bees use orientation flights to visually learn the spatial arrangement of landmarks tion apparatus over 15 consecutive nights and filmed the nests with digital video cameras and infrared illumiaround the nest entrance and the landscape between the nest and the foraging site [31] . These landmarks are nation (cameras were mounted below and to the side of the nest entrance). then used in homing. Presumably, Megalopta makes orientation flights for the same purpose. To test this The bees left the nest to forage on only two occasions each day, each time for up to about half an hour. The possibility, we performed two landmark-manipulation experiments. first period started up to an hour before dawn, the second about 15-20 min after sunset. In other seasons, In the first ( Figure 2B ), we arranged five nests in a row, about 1 m above the forest floor. Of these, only bees have been occasionally observed to fly from the nest at times outside the dusk and dawn activity winone nest-the central one-was occupied (marked by a star in Figure 2B ). In the example shown (of 13 similar dows described here [22] . However, by using a device that electronically recorded departures and returns from experiments, with 13 different bees), the bee left the nest at 18:48 (16 min after sunset), when the light intenthe nest, we failed to observe such flight behavior (A.K., unpublished data). sity was 0.002 cd/m 2 . As she departed, she performed an orientation flight, presumably to learn the spatial arRecords of 120 flights from the seven female bees showed that dawn flights lasted from 1-36 min. Most rangement of the five nests as well as other landmarks in the general vicinity. Several minutes after she had bees made only a single trip, but some made as many as four. Of 72 recorded first departures, eight occurred left, and without disturbing the previous spatial arrangement, we exchanged her nest with one of the outer earlier than 50 min before sunrise (which was at 6.09 am), when light levels from the background foliage were nests. Upon her return at 18:58 (26 min after sunset Figure 3B ). This width is very large for an seven different bees) of which one is shown in Figure  2C . All bees behaved in the same manner. After leaving apposition eye. In the diurnal worker honeybee Apis mellifera, the rhabdoms are 2 m wide and 320 m long her nest (marked by a star in Figure 2C) 40, 41] , the diameters of corneal facet lenses, the aperture through bearing the card, only to reemerge rapidly. As before, she continued to enter the landmarked nest until the which light reaches the rhabdom, are also large. In both Megalopta and Apis, the largest diameters are found in card was finally reattached to her original nest, after which she entered and no longer emerged. the frontal part of the eye, where they reach 36 m and 20 m, respectively [26] . In Megalopta, this large value Using apposition eyes, an eye design unsuited for the task, Megalopta learns landmarks near the nest in very is reached via a smooth gradient from both the dorsal The packing density of ommatidia in a compound eye, of high spatial resolution in the part of the eye that is used to view the nest entrance. In the honeybee, averrepresented by the angle between neighboring ommatidia, or the interommatidial angle ⌬φ, determines the aged frontal values of ⌬φ are much greater, around 1.9Њ [44] . In both species, however, these averaged values anatomical spatial resolution of the eye [37, 42] . The greater the density (or the smaller ⌬φ), the greater the of ⌬φ mask an ommatidial packing that characterizes "oval eyes" [45]: in bees, ⌬φ values in the vertical direcpotential resolution. However, as in all eyes, greater resolution tends to come at the cost of sensitivity, and tion are smaller than in the horizontal direction (see Experimental Procedures). Nonetheless, in terms of ominsects active in dim light (especially those with apposition eyes) tend to have less densely packed ommatidia matidial packing, Megalopta has an eye design adapted for high spatial resolution, more so even than in the (greater ⌬φ) with larger facets. In fact, the product of these two parameters-the interommatidial angle ⌬φ diurnal honeybee, a paradoxical result indeed. However, her eyes are large, and this has allowed a simultaneously (in radians) and the facet diameter D (in m)-is the well-known "eye parameter" p [43]: D⌬φ (m·rad). The larger facet diameter, so sensitivity may not have been sacrificed as much as ⌬φ on its own might suggest. If eye parameter can tell us a great deal about the tradeoff between resolution and sensitivity in an apposition we examine this trade-off with the eye parameter p, we find values of around 0.9 m·rad in the frontal eye, and eye. Slowly moving insects that are active in bright light (e.g., mantises and hovering sphecid wasps) have a these become larger elsewhere ( Figure 3D ). These values suggest activity in dimmer light or flight at higher value of p less than 0.45 m·rad. Flying diurnal insects that experience high angular velocities require greater velocities, but probably not both. Nevertheless, the eye parameter is still much lower than one would expect for sensitivity; for example, in the house fly Musca, p Ϸ 1.3 m·rad [43] . Insects active in dimmer light also require a flying nocturnal insect (in which case p Ͼ 2 m·rad). Thus, Megalopta's large eyes, rhabdoms, and corneal greater sensitivity, and this too leads to larger eye parameters (typically p Ͼ 2 m·rad nocturnal activity (see Table 2 slower response, and longer values of p and ⌬t, indicates slower vision (and lower temporal resolution). Slower vision in dim light increases the signal-to-noise better adapted for nocturnal vision. Megalopta also has considerably slower photoreceptors than other diurnal ratio and improves contrast discrimination by suppressing photon noise at temporal frequencies that are bees [50] ; however, compared to those of many diurnal insects, the photoreceptors of Megalopta are not exceptoo high to be reliably resolved [46] . In Megalopta, the dark-adapted impulse response, with p ϭ 41 Ϯ 8 ms tionally slow [51] . Thus, the spatial and temporal properties of Megaand ⌬t ϭ 32 Ϯ 8 ms (six cells, two bees), is slower than we have measured for the worker honeybee Apis: p ϭ lopta's photoreceptors are well adapted to vision at night. The question that now remains is whether these 27 Ϯ 2 ms and ⌬t ϭ 18 Ϯ 3 ms (five cells, two bees). These values indicate that the Megalopta photorecepproperties, together with the morphology and optics of the eye, are together sufficient to explain Megalopta's tors, being almost twice as slow as those of Apis, are A simple method is to ask how many photons N are Using these landmarks to find the nest stick, she must then locate the small entrance hole. Sometimes she absorbed by a single photoreceptor within its integration time ⌬t, when each species experiences the same noclands on the stick and simplifies the task by walking to the hole, but we have often observed bees flying directly turnal intensity I. Figure 5B ). Unfortunately, this improved photon catch is accompanied tors calculate motion by using signals generated in neighboring ommatidia, and processing thus occurs at by a simultaneous and unavoidable loss in spatial resolution. Despite being brighter, the image becomes necthe highest possible acuity. But as light levels fall, motion acuity falls in a manner consistent with spatial sumessarily coarser. The significant overlap of photoreceptor visual fields we mentioned earlier (⌬/⌬φ ϭ 4) mation [60] : the elementary motion detectors calculate motion by comparing signals generated in successively suggests that some degree of summation is warranted. Because the ommatidial matrix is anyway coarsened by more distant neighbors, up to two, three, or even four ommatidia apart [61] . This increase in spatial summation this overlap, it would pay to sum to at least the same extent.
is accompanied by a decrease in lateral inhibition [62] . Is there any evidence for summation in Megalopta? For Megalopta, spatial and temporal summation would allow a brighter view of the rainforest habitat, As yet, we have no evidence for temporal summation. age local ⌬φ for each combination of latitude and longitude. These data were plotted on a sphere representing three-dimensional space Experimental Procedures around the animal, and contours were interpolated to connect regions of space viewed by parts of the eye with the same ⌬φ. We Behavioral Experiments made contour plots of the angular separations of x, y, and z facet Twenty bee nests were collected in the forests of Barro Colorado rows separately to control for the fact that the eyes of Megalopta, Island, Panama, and set up on a stand in a position that was far and indeed the eyes of all bees, are highly nonspherical. We found from artificial-light sources but easily accessible for observers in that in the frontal part of the eye where the average ⌬φ is about the evenings and mornings. Of these nests, seven turned out to be 1.4Њ (Figure 3C ), the x rows (which run frontally to ventrally) are inhabited. The canopy at the site had a density normal for the island separated by 1.9Њ, the y rows (which run almost horizontally) by 1.1Њ, and had an even coverage of small gaps that exposed the sky. and the z rows (which run frontally to dorsally) by 1.3Њ (plots not No clearings that exposed a large patch of sky were present. For shown). collecting data on activity periods and flight times, two observers
We also created a spherical plot of facet diameter D (not shown) watched nests for 15 days in a row by using an image intensification and used this together with the plot of average ⌬φ ( Figure 3C ) to apparatus. At the same time, several nests were filmed with an calculate the eye parameter D⌬φ at each point in the eye ( Figure 3D ). infrared-sensitive Sony Video camcorder. Videotapes were analyzed frame by frame for the reconstruction of orientation flights. Light intensities are given for the test site. Electrophysiology A bee was inserted into a plastic pipette tip whose end had been sliced off to allow the bee's head to pass through. A small quantity Histology Light and electron microscopy was performed via standard methof bee wax was used to secure the head to the pipette tip. The bee was then mounted onto a small holder, and a tiny hole (5-10 facets ods. Whole eyes were placed for 2 hr at 4ЊC in standard fixative (2.5% gluteraldehyde and 2% paraformaldehyde in phosphate buffer [pH wide) was cut near the dorsal margin of the left compound eye. The hole was sealed with Vaseline to prevent it from drying out. An 7.2]). After a buffer rinse, eyes were then added to 2% OsO 4 for 1 hr. Dehydration was performed in an alcohol series, and eyes were indifferent electrode of thin silver wire was inserted into the other eye. A glass microelectrode (borosilicate glass, filled with 2 M potasembedded in Araldite. Ultrathin sections for electron microscopy were stained with lead citrate and uranyl acetate. 
